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Abstract 
The paper presents an experimental investigation on characteristics of flow-induced vibrations of two circular cylinders in 
tandem arrangement. Both cylinders are allowed to vibrate in the cross-flow direction only. The spacing ratio L/D (where L is the 
spacing between the two cylinder centers and D is the diameter) is varied as 1.2, 1.5, 2.0, 2.5, 3.0, 4.0 and 6.0. Four regimes are 
identified. In regime I (L/D ≤ 1.5), the two cylinders experience vortex excitation (VE) combined with ‘galloping. In regime II 
(1.5 < L/D < 2.5), again both cylinders undergo VE followed by galloping, but the VE and galloping are separated. Regimes III 
(2.5 ≤ L/D ≤ 3.0) and IV (L/D > 3.0) are characterized by separated VE and galloping for the downstream cylinder and only VE 
for the upstream cylinder. Compared to that of the downstream cylinder, in regime I the vibration amplitude of the upstream 
cylinder is larger, and in regime II it is larger at a smaller reduced velocity Ur and smaller at a larger Ur. On the other hand, 
regimes III and IV correspond to a larger vibration amplitude for the downstream cylinder and very smaller amplitude for the 
upstream cylinder. Vibration of the downstream cylinder is however violent in the former regime and weaker in the latter. The 
wake structure of vibrating cylinders is demonstrated by PIV measurements. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
Flow-induced vibration (FIV) is a canonical problem in engineering fields. A group of two cylinders are 
frequently considered as a simple configuration of multiple structures. Most of the previous investigations have been 
performed on two rigid circular cylinders in tandem or an elastic cylinder in the presence of an upstream fixed 
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cylinder. Bokaian and Geoola [1] investigated the case where the upstream cylinder is fixed and the downstream one 
is free to vibrate in the cross-flow direction only, over the ranges of spacing ratio L/D = 1.09 ~ 5.0 (see Fig. 1b for 
the definitions of D and L), reduced velocity Ur  (= U∞/Dfn) = 3.8 ~ 10 and Reynolds number ReD (= U∞D/ν) = 6×102 
~ 6×103, where U∞ is the free-stream velocity, ν is the kinematic viscosity of fluid and fn is the natural frequency of 
the cylinder system. It was found that depending on L/D the downstream cylinder exhibited vortex excitation VE 
(L/D > 3.0), or a galloping (L/D = 1.09), or a combined VE and galloping (L/D = 1.5), or separated VE and galloping 
(2.0 ≤ L/D ≤ 3.0). Kim et al.[2] performed experiments with two cylinders in tandem arrangement, where both 
cylinders are free to vibrate in the cross-flow direction, with L/D = 1.1 ~ 4.2, Ur = 1.5 ~ 26, ReD = 4.37×103 ~ 
7.42×104. Five regimes I-V were identified based on fluctuating lift forces and vibration characteristics, all 
depending on L/D. In regimes I (1.1 ≤ L/D < 1.2) and IV (3.0 ≤ L/D < 3.7), the cylinder vibration was not noticeable. 
Regime II (1.2 ≤ L/D < 1.6) was characterized by both cylinders vibrating violently. Regime III (1.6 ≤ L/D < 3.0) 
features VE only. Regime V (L/D ≥ 3.7) reflects each cylinder vibrating like an isolated cylinder. The FIV responses 
of two cylinders in tandem at low Ur have been studied, requiring further investigations at high Ur. Furthermore, the 
characteristics of the wakes of two vibrating cylinders have not been systematically studied. This work aims to 
experimentally investigate FIV responses of and associated flow structures around two tandem cylinders, where both 
cylinders are free to vibrate in the cross-flow direction. 
Nomenclature 
D Diameter of cylinder  
L Spacing between the cylinder centres 
Ur Reduced velocity 
ζ Structural damping ratio 
m* mass ratio 
D Diameter of cylinder 
St Strouhal number 
ReD   Reynolds number based on diameter of the cylinder 
fn Natural frequency 
fv Shedding frequency 
2. Experimental setup 
Experiments were performed in a closed-circuit wind tunnel with a 5.5-m-long test section of 0.8 m u1.0 m. Two 
cylinders were mounted in tandem in the horizontal mid-plane of the test section. Each end of the cylinder is 
supported by two leaf springs and two coil springs (Fig. 1), allowing the cylinder to vibrate only in the cross-flow 
direction. Both cylinders are 40 mm in diameter. The investigated ranges of L/D = 1.2 ~ 6.0, Ur = 3.7 ~ 48, and ReD 
= 5.0×103 ~ 2.5×104. Fluctuating velocities in the gap between the cylinders and the wake behind the downstream 
cylinder were measured by two hotwire probes, respectively. The positions of the hotwire probes are shown in Fig. 1. 
Vortex shedding frequencies were determined from the spectral density functions of the fluctuating velocities. For 
L/D = 1.2 and 1.5 corresponding to a very smaller gap between the cylinders, the hotwire probe in the gap was 
removed to avoid its damage. The vibration displacement of each cylinder was measured by laser vibrometers. 
 
Fig. 1 (a) Experimental setup, (b) definition of symbols, and (c) cylinder mounting systems. 
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The damping ratio ζ is determined by calculating logarithmic decrement of cylinder vibration amplitude in still 
air, where the vibration was given by hitting slightly the cylinder with a plastic hammer. The natural frequency fn 
was obtained by analyzing the power spectrum of the vibration signal. The values of mass-damping ratio m*ζ and fn 
are obtained as 0.5775 and 11.72 Hz, respectively. To further study the flow structures around the vibrating 
cylinders, PIV measurements were performed to obtain the vorticity field. 
3. Results and discussion 
3.1. Vibration and frequency responses 
Fig. 2 shows the dependence of vibration response and fv/fn on Ur at different L/D. Indicated on the first column 
(i.e., Fig. 2a, c, e, h, k, n, q) is the dependence of the normalized vibration amplitude A/D on Ur. The figures shown 
on the second and third columns depict the corresponding variation of fv/fn obtained in the wake and gap flow, 
respectively. At L/D = 1.2, tiny humps at Ur = 4.8 ~ 6.5 represent VE that is followed by a rapidly rising A/D of the 
upstream cylinder with an increase in Ur indicates the occurrence of galloping (Fig. 2a). The downstream cylinder 
A/D is however more or less constant beyond the hump. Furthermore, Fig. 2(b) shows that before the vibration onset 
(Ur < 4.8), fv /fn < 1.0. fv /fn becomes equal to1.0 at 4.8 ≤Ur ≤ 6.5, indicating the occurrence of VE. At Ur > 6.5, two 
predominant frequencies are discernible. The first one (fv/fn = 1) represents the vibration frequency while the second 
(fv/fn = 2) denotes the shedding frequency during the galloping oscillations. Interestingly, the shedding frequency 
locks-in with the second harmonics of fn. Similar observations associated with the vibration and frequency responses 
are made at L/D = 1.5 (Fig. 2c). In the galloping regime, compared to that at L/D = 1.2, now A/D is smaller for the 
upstream cylinder and greater for the downstream cylinder. On the other hand, the shedding from the downstream 
cylinder is found to lock-in at fv/fn = 3 (Fig. 2d). In addition, the vibration of the upstream cylinder at L/D = 1.5 turns 
into less violent than that at L/D = 1.2 at Ur > 10. At L/D = 2.0, VE materializes at Ur | 7 and divergent vibrations of 
both cylinders starts at Ur = 21, indicating that the responses of both cylinders display separated VE and galloping 
(Fig. 2e). The VE appears at a longer Ur range, 5≤ Ur ≤ 9, where fv locks-in with fn, followed by no-vibration of both 
cylinders up to Ur = 21, with continuously increased fv following Strouhal number St | 0.2. For Ur > 21, galloping 
vibration emerges and shedding frequency still follows St | 0.2 until the downstream cylinder A/D being larger than 
the upstream cylinder A/D at Ur > 33 where fv tends to lock-in at 6.5fn. In the galloping regime, the upstream cylinder 
shedding frequency, however, locks-in at 2fn and 3fn. It is speculated that the galloping vibrations generated at L/D = 
1.2 and 1.5, where A/D is larger for the upstream cylinder than the downstream cylinder, are associated with the 
upstream cylinder shear layer reattachments largely on the side or rear surface of the downstream cylinder. On the 
other hand, for L/D = 2.0, the galloping at Ur = 21 - 33 is again associated with the shear layer reattachments on side 
or rear surface and that at Ur > 33 is connected to the reattachments on the front surface of the downstream cylinder. 
At L/D = 2.5 and 3.0, VE appears for both cylinders at small Ur and only the downstream cylinder experiences 
violent galloping vibrations at high Ur (Fig. 2h, k). The small vibration for the upstream cylinder is induced by the 
high-amplitude vibration of the downstream cylinder. At L/D = 4.0 and 6.0 (Fig. 2n, q), the galloping vibration of the 
downstream cylinder is weaker (Fig. 2n, q) and the upstream cylinder has almost no vibration. Based on 
characteristics and generation mechanism of the galloping vibration generated for the cylinders, the vibration 
responses can be classified into four regimes: regime I, L/D ≤ 1.5; regime II, 1.5 < L/D < 2.5; regimes III, 2.5 ≤ L/D 
≤ 3.0; regime IV, L/D > 3.0. 
3.2. Wake structures 
Fig 3 presents the instantaneous vorticity field in the wake in one period (T) of oscillation at L/D = 1.5 and Ur = 
11.45 which is in the galloping regime as described earlier. It indicates that during one cycle of oscillation three pairs 
of vortex are generated. Therefore, fv/fn = 3 as shown in Fig. 2(d). The vortices merge and transmute into one pair of 
vortex when moving downstream.  
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Fig. 2 Dependence of vibration and frequency responses on Ur. 
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Fig. 3 Instantaneous vorticity field in the wake in one period (T) of oscillation at Ur = 11.45, L/D = 1.5. 
 
4. Conclusions 
Free vibrations of two identical circular cylinders in tandem are investigated at L/D = 1.2, 1.5, 2.0, 2.5, 3.0, 4.0 
and 6.0. VE appears at all L/D.  Based on the galloping vibrations generated, four regimes are identified. Regime I 
(L/D ≤ 1.5) is characterized by both cylinders experiencing galloping vibrations and the downstream cylinder 
vibration amplitude smaller than the upstream cylinder. The smaller amplitude of the downstream cylinder is 
perhaps dictated by the upstream cylinder shear layer reattachment on the side or rear surface of the downstream 
cylinder. During the galloping motion the shedding frequency locks-in with the second or third harmonics of the 
vibration frequency, which is demonstrated by PIV results. At regime II (1.5 < L/D < 2.5), the galloping vibration is 
larger for the upstream cylinder than the downstream cylinder at smaller Ur, but the opposite prevails at larger Ur. 
While the former phenomenon is associated with the shear layer reattachment on the side surface, the latter is 
connected to the shear reattachment on the front surface. At regime III (2.5 ≤ L/D ≤ 3.0), the downstream cylinder 
vibration amplitude is larger than the upstream cylinder. Now the upstream cylinder shear layer reattachment takes 
place on the front surface of the downstream cylinder. Regime IV (L/D > 3.0) features small vibration for the 
downstream cylinder induced by convective vortices from the upstream cylinder and no vibration for the upstream 
cylinder.  
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